ABSTRACT: The genesis of nummulite banks remains a poorly understood topic and the aim of this work is to shed light on it by observing the hydrodynamic behavior of selected larger foraminifera collected from both bank and nonbank deposits. Entrainment and settling velocity of both recent and fossil larger foraminifera were measured using a flume channel and settling tube. Both velocities give information about the reaction of foraminiferal shells to different hydrodynamic conditions affecting their capability to build bank-like sedimentary structures. To assess entrainment, experiments were performed on different substrates to simulate bed load transport on smooth surfaces, fine sand, coarse sand, and bioclastic substrates. Thirty-four recent and 49 fossil shells of foraminifera were used; recent taxa used are Operculina ammonoides, Heterostegina depressa, and Palaeonummulites venosus and fossil taxa used are Nummulites perforatus, N. fabianii, and N. tavertetensis (only A forms were used in this study). Our results seem to differentiate the hydrodynamic behavior of shells collected from banks from those collected from non-bank deposits. The latter possess settling velocities significantly lower than their entrainment velocities, while for taxa collected from nummulite banks, settling velocities are always close to entrainment velocities. Therefore, the relation between hydrodynamics and shape and size may explain why modern larger foraminifera, consistently of smaller size than fossil forms, cannot produce banks and that transport as bed load in moving water was possibly the main trigger for the production of nummulite banks.
INTRODUCTION
Accumulations of larger foraminiferal (LF) shells are very common in sediments deposited in shallow tropical seas during the Phanerozoic (e.g., Racey 2001 and references therein) . Some of these accumulations, known as nummulite banks, have drawn attention for a long time as they have peculiar characteristics that are difficult to explain and their depositional environment is still a matter of debate. First defined by Arni (1965) , these sedimentary bodies are characterized by extraordinary abundance of LF shells of very low diversity. They also appear to be mostly composed by large microspheric agamonts (i.e., the B forms). The low diversity reflects a strict mono-to bi-specific accumulation of shells: normally, two closely related species do not occupy the same habitat when their theoretical niches strongly overlap because they act as competitors (e.g., the Planostegina and Operculina species in Hohenegger 2004, fig. 16 ). Thus, the co-occurrence of two species of the same genus is rather exceptional. A possible explanation in the case of LF was given by Hottinger (1999) , who described the occurrence as an ''odd partnership'' in which the two taxa are characterized by striking size difference and perhaps different growth rates and reproduction intervals, allowing both to profit from the same ecological niche. Arni (1965) interpreted nummulite banks as autochthonous, resulting from high reproduction rates relative to low sedimentation rates resulting in the formation of positive morphological structures similar to modern coral reefs. A different explanation was given by Aigner (1982) , who, based mainly on sedimentary structures visible in outcrops, considered such deposits allochthonous (or partially allochthonous), resulting from transport, accumulation, and selective removal of the smaller gamonts (i.e., the A forms). Aigner (1985) differentiated four main types of nummulite banks resulting from different types of transport, based on the ratio of A to B forms: (1) allochthonous, composed only of A forms; (2) parautochthonous in which A forms are far more abundant than B forms; (3) relatively enriched in B, in which A forms are slightly more abundant than B forms; and (4) residual, which include only B forms.
Further studies analyzed nummulite banks from a variety of different perspectives. Although some still considered such deposits as purely the results of winnowing, transport, and selective removal of shells (e.g., Aigner 1983; Racey 2001) , others recognized either a genuine autochthony or a partial parauthochthony of such accumulations based on the presence of fine-grained matrix and imbricated structures (Papazzoni 2008; Guido et al. 2011; Seddighi et al. 2015; Kövecsi et al. 2016) (Fig. 1 ). While the difference between autochthonous and parautochthonous may seem like a philosophical debate, it is important for discriminating whether material is in life position or not (Beavington-Penney and Racey 2004) : determining whether a shell recovered from sediment is in (or very close to) its life position or if it has been moved is critically important in many LF and sedimentary facies studies. Regardless of intensity and distance of transportation, a transported fossil assemblage is classically defined as a taphocoenosis and its material is considered as allochtonous or parautochthonous. However, in some cases, such as nummulite banks, minor transportation versus major shell movement can discriminate the genesis of accumulation and shed light on those factors triggering the event.
In LF, shell transportation analysis is tackled either by studying the preservation characteristics (Yordanova and Hohenegger 2002) , by observing the geometric disposition of the remains (Beavington-Penney et al. 2005; Görmüs and Nielsen 2006) , or simulating the hydrodynamic environment (Davaud and Septfontaine 1995; Hohenegger 2009, 2011) .
However, poor preservation of shells does not correlate significantly with long distance transport: it can also be the result of shallow rewashing effects due to continuous re-exhumation of the sediment (BeavingtonPenney 2004), leading to misinterpretation of an assemblage allochthonous when in reality it is an autochthonous or parautochthonous assemblage composed of poorly preserved specimens. Similarly, the geometric distribution of shells visible on outcrop can result from multiple transportation events differing in intensity and effect; reconstructing each single episode can be very challenging. Lastly, most hydrodynamic simulations, both on a computer and in a dedicated laboratory, do not consider a number of factors such as roughness of the seafloor, turbulence, and mass transport conditions (Hohenegger and Briguglio 2012) .
Concerning LF accumulations, and especially nummulite banks, it is extremely difficult to confirm life position for the shells because they commonly live flat on the sea floor and some taxa can hide underneath a few sand grains whereas others might stack on local hard substrate so that their geometric disposition is very diverse and complex prior to any postmortem alteration. For all these reasons, the genesis of nummulite banks is still matter of debate.
A further aspect that should be considered in interpreting the origin of nummulite banks is that no such deposits and/or geometries have yet been observed in modern faunas (Hohenegger and Yordanova 2001; Renema and Troelstra 2001) . Although LF are very abundant and rather diverse in modern tropical shallow-water sediments, modern accumulations similar to nummulite banks have never been reported. The most recent accumulation of LF shells yet known occurs in the Pleistocene sediments of OkinoerabuJima (Northern Ryukyu Islands, Japan), where massive layers containing abundant large Planostegina crop out (Hohenegger 2011) . These deposits contain clasts of volcanic origin and seem to be the result of accumulations of suspended load after long distance transport (Kizaki 1985) .
The most striking differences between modern and fossil LF are size ) and possibly lifespan (Ferrández-Cañadell et al. 2014) : recent taxa never reach the volume of their fossil counterparts and they are thought to live for a much shorter time (Hohenegger 2006; Briguglio and Hohenegger 2014; Eder et al. 2016) . Even the largest modern LF taxon, Cycloclypeus carpenteri, which is indeed large but also extremely thin and fragile , cannot compete in volume with the thick and heavy Eocene nummulites. However, if size and lifespan are the only factors governing the accumulation of LF banks, it is reasonable to expect that huge accumulations could be achieved by shortlived and small-sized opportunistic organisms with high reproduction rates like modern LFs, as they could easily overwhelm the background sedimentation rate. However, this is not the case: LF banks have mainly been built by large-sized individuals with long lifespans.
In this work we test the assumption whether LF size is a major component in the accumulation process and whether hydrodynamics might be the main factor triggering the formation of nummulite banks depending on the specific hydrodynamic behavior of the shells.
Theoretically, water movement can affect benthic foraminifera in two ways: either pulling them upward, known as the orbital bottom velocity effect ) by means of a water wave's bottom propagation, or pushing them laterally by means of bottom currents (e.g., tidal and longshore currents) (Lu et al. 2015) .
Living foraminifera can resist entrainment and transport by hiding beneath sand grains or attaching to hard substrates. When detached, they can be transported either as bed load (by traction, saltation, or rolling) or as suspended load (by suspension and consequent settling) (Fujita et al. 2015) . These different mechanisms are due to a combination of three factors: the intensity of the hydrodynamic input, the foraminiferal shell shape, and the seafloor substrate composition. This study examines how LF with various shell shapes, sizes, and densities react under conditions of increasing hydrodynamic intensity on different substrates, attempting to identify optimal conditions for creating nummulite banks.
MATERIALS AND METHODS
For this study, 34 recent and 49 fossil shells of nummulitid foraminifera were carefully selected under a microscope to ensure their shape was representative for the species and their surface was not altered by abrasion, encrustation, or boring organisms. Recent foraminifera are represented by 12 specimens of Operculina ammonoides, 10 of Heterostegina depressa, and 12 Palaeonummulites venosus, all collected off shore Okinawa Island, Japan at 56 m and 88 m water depths. They were dead and preserved in formalin; they were immersed in artificial seawater for several days prior to the experiment so that the entire shell could be considered water-filled. The fossil taxa used in this study comprise 29 A-forms of Nummulites perforatus (10 collected from Capus and 19 from Leghìa, both from the Transylvanian Basin, Romania; Bartonian), 10 A-forms of N. fabianii (collected from Cheili Baciului, Transylvania, Romania; Priabonian) and 10 A-forms of N. tavertetensis collected from Tavertet (Ebro Basin, Spain; Bartonian). All forms were fully immersed in artificial seawater several days prior to the experiment to make sure any air-filled space was filled by water. A-forms were used because only small forms could be investigated in this experimental setup; the larger B-forms produced erratic results. Nonetheless, previous work has demonstrated that A-and B-forms have similar hydrodynamic behavior (Seddighi et al. 2015) , suggesting that the behavior of A-forms can be extrapolated to B-forms.
Experiments to determine the behavior of each shell under unidirectional flow and settling under free fall conditions were replicated three to five times for each shell. Few experiments had to be repeated more than three times because in some conditions (e.g., shells hitting the settling tube or shells stacked immediately on the substrate) the results were not accurate. Entrainment in unidirectional flow was analyzed using an Armfield Sediment Transport Channel S8MkII of 155 cm length (Armfield Ltd., Ringwood, UK), 10 cm width, and 11 cm height ( Fig. 2A) filled with artificial seawater. The channel is equipped with four exchangeable substrates, which were used to reproduce different drag conditions. The first is made of a flat and polished steel surface which allows the simulation of 'no drag' conditions of the substrate. This condition, which does not simulate any condition in nature, is very important as a baseline for recognizing change in entrainment with increasing sea bottom roughness. Theoretical entrainment calculations used by various authors only consider the no-drag condition. Additional substrates are well-sorted fine sand (64-125 lm), well-sorted coarse sand (500-1000 lm), and an unsorted bioclastic sand with particle size between 250-2500 lm consisting of carbonate grains, foraminiferal shells, and coral fragments. The material of the three coarse substrates (Fig. 2B ) is glued to exchangeable panels by epoxy resin, thus their lithic components are not transported during the experiments (Yordanova and Hohenegger 2007) .
The transport channel is equipped with a water pump that has three different velocities and an extension screw, which allows the channel to be tilted from 08 to 58 along a continuous gradient. The channel is designed to create laminar flows (Reynolds number , 2300) at every point at 08 inclination. The most accurate way to estimate critical shear velocity is by increasing the inclination of the channel under constant pump velocity until the specimen starts moving (Figs. 2, 3 ). Experiments were performed separately for each shell.
To calibrate stream velocity for each inclination step and for all locations along the channel, velocities were calculated for all three pump intensities at four positions along the channel (A, B, C, D; see Fig. 2A ) FIG . 2.-A) Flume channel; letters denote the locations where water velocity was measured for calibration. B) Substrates used in these analyses: fine sand, coarse sand, and bioclastic sand; scale bar ¼ 1 cm. C) Velocities measured for the three different pump speeds at all positions along the channel.
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increasing the inclination from 08 to 58 in 18 steps. Since there was a sudden change in velocity between position B and C for higher inclinations, calibration for an intermediate position B-C was done as well. Calibrations are done using an ad-hoc hydrometer (OTT Klein Flügel C2 flow meter by OTT Messtechnik, Kempten, Germany), which is a small propeller equipped with a rotation counter. Equations relate the speed of rotation to flow velocity. The calibration diagrams for the three velocities are displayed in Figure 2C .
Inclination of the channel from 3.58 to 58 led to turbulence (Fig. 3) at the two shallowest positions (C-D), so no measurements were taken in those positions at those settings. At lower pump speeds and high angles of inclination, some parts of the flume became emergent; as the propeller must be completely under water, neither calibration nor measurement of shear velocity on specimens could be done under these conditions. As a result, most of the measurements made for this study were obtained at positions B, B-C, and C using the highest pump setting (speed 3).
Due to instrumental limits (highest stream velocity equals 24 cm/sec), entrainment could not be measured for all fossil shells on coarse sand and bioclastic substrates, as they apparently require higher velocity.
Concerning entrainment, two velocities-critical shear and entrainment-were recorded. The critical shear velocity, labeled 'critical' in Figure 4 , was recorded at the moment the shell started moving or wobbling but remained in position. At this stage, a gentle increase in flow velocity leads to minor entrainment and transport of the shell for very short distances (a few millimeters). Shear velocity was only calculated on the flat metallic substrate because measurements on the other substrates were difficult to register, possibly leading to inaccurate values. In fact, it was constantly observed that shells of foraminifera lying on the surface of rough substrates tend to be shifted easily as soon as the flume tank start operating, even at very low energy. This happened because they tended to immediately change their position toward more depressed or protected areas whenever they were initially located on top or next to more elevated or larger grains on the substrate. In contrast, entrainment velocity could be reported on all substrates ('flat surface', 'fine sand', 'coarse sand', and 'bioclastics' in Figure 4 ) when the shell was moved and transported for a longer distance (. 1 centimeter).
Some adjustments were necessary regarding fossil forms. The specimens collected from the banks were completely recrystallized and their original density is lost due to diagenesis. This leads to an overestimation of critical shear and entrainment velocities compared to velocities based on shell densities just after loss of the cytoplasm. However, for this study, the focus was on the ratio between entrainment and settling velocities rather than their absolute measured values.
Additionally, higher density in the fossil forms coupled with the large size of the tests made their behavior within the flume channel very difficult to study: critical shear velocity measurements were impossible on the 'flat surface' and on 'fine sand' since shells did not move until suddenly gliding or drifting a few centimeters. This behavior, possibly caused by much stronger drag due to their shape, was considered entrainment and not as critical shear. For this reason, 'critical' shear data are not reported for fossils forms (Fig. 4) .
Settling velocity was measured using a settling tube with transparent walls, filled with artificial seawater. The height of the settling tube is 90 cm with a 12 3 12 cm cross-section. The artificial seawater used for this experiment had a density of 1.06 g/cm 3 and was provided by the Department of Limnology and Bio-Oceanography at the University of Vienna. Settling velocity was measured as the time needed to pass through the last 60 cm of the tube. Settling in the first 30 cm is affected by acceleration and by turbulence starting the experiment.
Each shell was released directly beneath the air-water interface in stagnant water at room temperature (238-258C) and sinking was filmed using a digital camera. Collision between specimen and tube walls invalidated the measurement and the procedure was repeated.
RESULTS
Both shear and settling velocities are shown in Figure 4 . For recent species, range and means of the critical shear and entrainment velocity on different substrates together with the settling velocity are represented (Fig.  4A-4C) ; for the three fossil species investigated, entrainment velocities on two substrates and settling velocities are reported (Fig. 4D) .
The results for the recent taxa seem to differentiate the hydrodynamic behavior of the flat-shaped forms from the rounded and thick ones (thicklenticular). The flat forms H. depressa and O. ammonoides, which adhere closely to flat surfaces, have much higher critical shear velocities than the thick-lenticular P. venosus. The variation in entrainment velocity for all used substrates is very similar for all recent taxa investigated and it displays a major increase between the fine-grained substrate and the coarse-grained substrates. Settling velocities for recent taxa are very low, except for P. venosus, whose settling velocity value is similar to its critical shear velocity.
Concerning the fossil taxa, their entrainment velocities increase between the two substrates used and the values of all specimens are very similar. The species N. perforatus and N. tavertetensis possess settling velocities similar to their entrainment values; those of N. tavertetensis have even higher values. In contrast, the settling velocities of the smaller N. fabianii are much lower than its entrainment velocities.
The results obtained on different substrates using various foraminifera are illustrated as four models in Figure 5 (A, B) . The illustration shows how flat and thick-lenticular forms responded to increasing laminar flow under four conditions. The first condition represents the beginning of the experiment when the flume channel was off and the shells were randomly positioned. The second condition shows the moment when the flume channel was activated at very low velocity. The third condition represents the moment critical shear velocity was recorded, when first movements were observed and shells moved for very short distances. The fourth condition shows the moment when the entrainment velocity value was reached when shells were entrained by the current. Figure 5 (C, D) also shows what happened during the experiments when several shells were deposited on the substrate at the same time. Such experiments were done to reproduce the hydrodynamic conditions where foraminifera lived: coarse or bioclastic substrates with many shells of different shapes undergoing transport together.
These experiments produced very complex shell behavior, and it was difficult to measure the respective critical shear velocities for each specimen. Some shells moved immediately when the flume channel started operating; depressions between the substrate grains functioned as preferential space for deposition for those foraminifers that could fit within them. Even under very gentle water movement, foraminifera could just sink or fall within such bumps and hollows and, in most cases, the energy produced by the pump was not sufficient to remove the shell from these locations once they had settled (see shells c, d, and e in Fig. 5C ). The result of such grain packing in most experiments was the accumulation of shells that were able to resist very high energy. Such accumulations appeared quickly as soon as the first shells got stacked in the concavities of coarse substrates after being transported for very short distances (a few mm to a very few cm). Figure 5 (C, D) shows the mechanism that led to such shell accumulations on both coarse and very coarse grained substrates. During this process, the large and flat shapes were easily flipped and moved within concavities whenever these were large enough to contain them, and any further flow increase simply boosted the force pushing the shells onto the substrate and thus functioned as additional impediment for other foraminifers to be transported. Small thick lenticular shells can easily fit within concavities in coarser substrates and cannot be removed further (Fig. 5D , specimen c; see also the small A forms blocked between the B forms in Fig. 1B) . Larger thick shells often got blocked on each other, trapping smaller foraminifers in between and showing the classic imbricate geometry that is very common in nummulite bank outcrops (Fig. 5C , specimens c, d, e; Fig. 5D , specimen a; see also Fig. 1A, 1B) .
Such structures can be preserved in the fossil record if the unidirectional stream does not change into a turbulent one and does not exceed the settling velocity of the shell, which then will be kept in suspension, and result in dismantling of accumulations (Fig. 5C, specimens a and b; Fig.  5D, specimen b) . 
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DISCUSSION
The approach used here is designed to identify the behavior of LF under different water energies by investigating conditions of settling and entrainment. Such methodology is used by sedimentologists to investigate grain size distributions after transportation events (Braithwaite 1973; Komar and Clemens 1986; Soulsby 1997; Hughes 1999) . A shell with a settling velocity lower than its entrainment velocity will be prone to transport as suspended load whenever the fluid's orbital velocity is higher than the grain's settling velocity. On the contrary, shells with higher settling velocities (caused by heavier, denser, or hydrodynamically better-adapted shapes) than their entrainment velocity will need higher water energy to be kept in suspension (Baba and Komar 1981; Allen 1984; Cookman and Flemings 2001; Le Roux 2005) . With low water energy, they will only be transported as bed load.
Similarly, entrainment velocities give information about the potential for a shell to be entrained on the seabed under unidirectional flow. According to the results obtained here, a number of considerations seem to differentiate nummulite bank deposits from 'normal' LF sediments. Measured on the smooth substrate, the critical shear velocity varies among the investigated taxa: it is very low for the thick-lenticular P. venosus, slightly higher for the recent flat species and very high for large fossil specimens. These results are very important in terms of paleoenvironmental reconstruction because they tie the nature of deposits to the lifestyles of various taxa. Low shear velocity means that the foraminifer species is prone to transport as bed load; to resist entrainment and transport, they hide underneath sand grains (e.g., P. venosus) or are strongly attached to their substrate (e.g., H. depressa) (Yordanova and Hohenegger 2002) . However, once dead, the shells do not remain attached and are easily transported. Small differences can be noted between flat and rounded (thick-lenticular) shapes on smooth substrates: flat shapes resist unidirectional flows slightly better, because they adhere more effectively to the substrate. This effect is illustrated in Figure 5 (A, B) . With increasing velocity, thick-lenticular shells start wobbling and moving at lower velocities compared to flat shells. At very high velocities, shells with both shapes are easily transported and flat shells can be transported in suspension for longer distances by turbulence effects (Fig. 3C, 3D ) due to their high drag coefficient (expressed as very low settling velocity). This behavior is confirmed by studies on depth distribution of recent foraminifera where taxa with similar geometries are transported for the same distances (Yordanova and Hohenegger 2002) .
Smooth bottom surfaces do not exist in nature and the natural environment where LF live is characterized by much coarser sand or, as in oligotrophic situations, by bioclastic substrates where coarse sand is mixed with much larger objects such as coral fragments and larger bivalve shells (Hottinger 1997; Hohenegger 2004) . In light of this, the most relevant results for interpreting LF accumulations of LF shells in shallowwater environment are those from the coarser and bioclastic substrates.
The accumulation of shells is favored under certain conditions (Fig. 5C,  5D ). Whenever LF shells are placed randomly on coarse substrates, roughness of the substrate itself creates disequilibrium for shells with thick-lenticular shapes, thus they are immediately moved into small concavities. This effect is represented in Figure 5C where two flat shells are illustrated (labeled as a and e). Whereas shell a was initially located at a hydrodynamically protected location, specimen e was easily moved due to its flat shape. It would not be moved on smooth substrates, but on coarser substrates it is very prone to entrainment. With increasing flow energy, flat shapes are prone to transport on coarse substrates if not further blocked by the vicinity of larger grains or other foraminifers. Complete transport is never observed under any flow velocities if a shell is trapped underneath larger grains (as visible in specimen e). In this case, imbrication is induced (Fig. 5C ). Entrainment velocity could only be measured for flat shells which were not protected by other grains (e.g., specimen a).
Thick-lenticular shapes can also experience different means of entrainment or accumulation on coarse substrates. Even if they are initially gently moved for a very short distance, larger grains or other LF can block them and entrainment is only possible with energy levels higher than the possible maximum in the flume channel (specimens c and d in Fig. 5C ). It could be the case that small thick-lenticular foraminifera (e.g., juveniles in this case, or other taxa) might initially get blocked in small concavities, but then can be moved by higher energy (specimen b), or they could get blocked if transported as bed load and deposited beneath large grains or larger shells. In such cases, only turbulence (Figs. 3C-D) can lead to entrainment and transport.
A similar situation occurs on the bioclastic substrate. Specimens are easily blocked, leading to shell accumulation in any case. To obtain reliable results for measuring entrainment velocity of single specimens, the experiments had to be repeated numerous times because some shells, especially the smallest ones, were easily trapped within larger concavities and were never transported subsequently (see specimen c in Fig. 5D ). Similarly, specimens deposited at the edge of larger grains were immediately moved by very gentle flow energy into the next depression. Large flat shapes were more prone to transport if their sizes exceeded the areas of depressions, and they were easily flipped or moved to the next depression, until an imbricate geometry occurred and further transport is hampered.
However, the observations reported so far only describe the hydrodynamic behavior of shells under unidirectional flows; they do not address how shells might react under turbulent flows and, most important, under oscillatory flows such as the very common bottom orbital velocity, which may be able to keep shells in suspension and transport them as suspended load. Therefore, to assess how shells react to orbital velocity, the settling behavior of each test was measured. The results suggest that it is the difference between settling and entrainment velocity that seems to be the key factor leading to the formation of nummulite banks.
The main difference between taxa collected from banks and non-banks was observed to be the ratio between their settling and entrainment velocity. Except for N. fabianii, all taxa collected from nummulite banks have settling velocities either comparable or higher than their entrainment velocity and those taxa that do not build banks (including all investigated recent taxa) have settling velocities much lower than their entrainment. Nummulites fabianii represents the exception in this dataset because its settling velocity is extremely low relative to its entrainment velocity, but the banks formed by this taxon are less extensive and pronounced than those formed by other taxa.
The relationship between different velocities and the capability of building bank-like structures is demonstrated by the fact that the first reaction under water energy will be the one that corresponds to the shell's lowest velocity. If settling is the lowest velocity, then it is predictable that the shell will be more prone to be kept in suspension and transported as suspended load rather than as bed load. On the contrary, if entrainment is the lowest velocity, then the shell can undergo transport as bed load, resulting in the large nummulite accumulations with imbricate structures and preservation of fine material underneath, as pointed out by Guido et al. (2011) .
In all experiments, fossil taxa were never transported as suspended load, not even under the waves and turbulence possible for the experimental apparatus to generate. It is possible that the fossil specimens used were too large and had high densities due to recrystallization. However, their settling velocity values in comparison to entrainment velocities show clearly that the investigated shells tend to be transported as bed load easier than as suspended load. In both experiments, the density of the fossil shells is the same and affects the results in a similar way. This assumption is also valid for the much larger B forms of LFs not measured in this study, which are the main component of nummulite banks: their entrainment velocity is lower than or similar to their settling velocity. Additional data to support this hypothesis have been published by Jorry et al. (2006) , where the authors compute both settling and entrainment velocity for large B forms (up to 32.2 mm) and the settling velocity for all tests is four to five times higher than the entrainment velocity. This leads to the conclusion that transport as bed load is more plausible than transport as suspended load.
The effect of diagenesis resulting in higher velocities of fossil shells compared to empty modern shells cannot be dismissed, but since only the relationship between settling and entrainment velocities are important to NUMMULITE BANKS P A L A I O S differentiate between transport mechanisms, diagenesis affects both results in similar ways by increasing their density. Therefore, even if the absolute values obtained are not the velocities of empty shells, the relation is likely still feasible and correct.
Getting realistic density data out of lithified foraminifera shells has been tried a few times: Jorry et al. (2006) estimated the density of several specimens (unfortunately without reporting their taxonomy or their provenance) by carefully measuring the porosity and the microporosity in axial section. Hohenegger and Briguglio (2012) attempted a similar approach by MicroCT investigation. This latter work leads to the estimation of the shell density by investigation of axial sections and it provides a density estimation when shells are filled with cytoplasm or air or seawater. The shell filled with cytoplasm represents the density of the living organism, while the shell filled with sea water simulates the organism after death when the cytoplasm is fully decomposed. Density estimation of the shell filled with air is relevant because Jorry et al. (2006) discussed the possibility of having shells filled with gas produced by the decay of the organic matter. They present the possibility of nummulitids transported as suspended load due to a decrease of overall density caused by trapped gas within their shell. They assumed the gas gets trapped because the pores of the hyaline test can become sealed after the cell's death by the precipitation of early marine cement within chambers. However, the hyaline test of rotaliacean foraminifera is intensely perforated so that any gas produced by organic matter decay would be immediately released into the surrounding water and the entire volume of the shell would rapidly fill with sea water a few weeks after the cell's death.
Modern LF have very low settling velocities due to their large but thin shells which are never found in fossil taxa collected from nummulite banks.
Collating all data gathered so far, nummulite banks could have been triggered by very short distance bed-load transport caused by laminar flow conditions, common in lower shoreface environments, where the nummulite banks are found according to Arni's (1965) model and, whenever shells are present, characterized by settling velocities higher than their entrainment velocities. This could explain why only some species of foraminifera formed banks and why modern banks have not been found.
Still, this explanation does not clarify why banks have very low diversity, since most large fossil nummulites possess the hydrodynamic requirements to build banks. However, it has been previously observed that different taxa collected from the same bank possess similar hydrodynamic behavior (Seddighi et al. 2015) , thus restricting the diversity only to those taxa that are hydrodynamically identical, or perhaps both gaining from the same environment as the odd pairs (sensu Hottinger 1999; see also Kövecsi et al. 2016 ), which, despite having different protoconch and adult test sizes and consequently different growth pattern, can both adapt and profit from the same environment and its seasonal changes. Other models have been produced to explain the depositional geometry of nummulite banks based either on facies analyses and field observations (e.g., Jorry et al. 2006) or calling upon phenomena like internal waves as potential triggers of such large structures (Mateu-Vincens et al. 2012) . Such studies provided much information about the geometry and the stratigraphy of bank deposits and have contributed substantially to a better understanding of the physical conditions that lead to such large-scale deposits. However, they do not address why modern banks do not occur and do not clarify the hydrodynamic response of the shells to energy input.
A different approach was used by Beavington-Penney et al. (2005) . They observed the geometric distribution and disposition of nummulite shells and tried to correlate them with either an energy input (e.g., unidirectional waves, oscillatory waves, tempestites) or with biogenic causes (e.g., bioturbation by shrimp or sea urchins). They also recognized that large bank-like structures could represent either parautochthonous or an allochthonous deposits, but could not answer the question presented here.
Overall, nummulite banks seem to be characterized by: (1) monospecific assemblages or rarely bi-specific assemblages (i.e., ''odd pairs'' of Hottinger 1999), supporting autochthonous genesis; (2) large abundance of B-forms as the result of partial removal of the A-forms; (3) imbricate structures, resulting from bed load transport over short distances; and (4) intraclastic fine-grained sediment (micrite or clay) filling the void spaces within an otherwise imbricate framework of LF shells.
CONCLUSIONS
The way LF shells behave hydrodynamically is fundamental information that can help explain geometries and structures in the fossil record. The experiments conducted in this study suggest that shells possessing a critical shear velocity lower than settling velocity are more prone to be transported as bed load, whereas shells with settling velocity lower than the critical shear velocity tend to be transported as suspended load. The consequence is that transportation as bed load tends to create imbricated structures leading to nummulite banks. Due to their smaller size, most of the modern LF tend to be transported as suspended load; therefore, they do not create imbricated structures and, consequently, banks.
Although hydrodynamics play a major role in the genesis of nummulite banks, they are possibly not the only factor. Reproduction strategies, sedimentation rate, and shell growth rates must also be considered to develop a comprehensive model able to explain the production of such accumulations. Nevertheless, hydrodynamics appears to be the reason for the absence of modern nummulite banks and the reason that fossil LF were able to create large and massive bank structures.
